Background: Dry eye disease (DED) affects one third of the population worldwide. In prior studies, experimental autoimmune lacrimal keratoconjunctivitis (EALK) induced by desiccating stress in mice has been used as a model of DED. This model is complicated by a requirement for exogenous epithelial cell injury and administration of anticholinergic agents with broad immunologic effects.
mice after adoptive transfer of CD4 1 CD45RB high naive T cells and was characterized by infiltration of CD4 1 T cells, macrophages, and neutrophils. In addition to lacrimal keratoconjunctivitis, mice had damage to the corneal nerve, which connects components of the lacrimal functional unit. Pathogenic T-cell differentiation was dependent on IL-23p40 and controlled by cotransferred CD4 1 CD45RB low regulatory T cells. T H 17 rather than T H 1 CD4
1 cells were primarily responsible for EALK, even though levels of both IL-17 and IFN-g were increased in inflammatory tissues, likely because of their ability to drive expression of CXC chemokines within the cornea and the subsequent influx of myeloid cells. Consistent with the findings of this model, the tears of patients with DED had increased levels of inflammatory cytokines, including IL-17A and TNF-a. Conclusion: We describe a novel model of spontaneous EALK that supports a role for T H 17 cells in disease pathogenesis and that will contribute to our understanding of autoimmune lacrimal keratoconjunctivitis in many human eye diseases, including DED. (J Allergy Clin Immunol 2018;142:96-108.)
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Desiccating stress is known to induce experimental autoimmune lacrimal keratoconjunctivitis (EALK) in a mouse model mimicking dry eye disease (DED). Evidence suggests that DED is an ocular surface inflammatory disease affecting the combined lacrimal functional unit (LFU; cornea, conjunctiva, eyelid, and lacrimal glands). [1] [2] [3] [4] Autoimmune lacrimal keratoconjunctivitis occurs also in patients with a number of underlying autoimmune systemic diseases, including rheumatoid arthritis, Sj€ ogren syndrome, Wegener granulomatosis, systemic lupus erythematosus, graft-versus-host disease, surgically induced keratoscleritis, and inflammatory bowel disease (IBD). Inflammatory damage to the cornea and lacrimal gland results in a number of clinical presentations that can include sight-threatening complications. [1] [2] [3] [5] [6] [7] [8] The role of T H cells in the setting of EALK has been studied in some patients and animal models [8] [9] [10] ; however, a direct role for CD4
1 cells in the pathogenesis of autoimmune keratitis has not been investigated thoroughly. In particular, studies have not excluded a role for B cells and CD8
1 cells in models using desiccating stress with scopolamine hydrobromide injection and constant airflow. Furthermore, in desiccating DED experiments the role of CD4 1 forkhead box protein 3 (Foxp3) 1 regulatory T (Treg) cells was suggested by the resistance of T H 17 cells to Treg cell suppression 1 and the role of macrophages by clodronate liposome-mediated depletion 2 ; however, no comprehensive spontaneous model of EALK has been developed that can directly address the contributions of effector T cells, Treg cells, and antigen-presenting cells (APCs), in particular dendritic cells (DCs), to disease development.
The adoptive T-cell transfer model of colitis in mice is well established as a model for IBD. 11 Transfer of CD4 1 CD45RB high naive T cells to recombination-activating gene 2 (Rag2) 2/2 mice lacking T and B cells makes it possible to investigate the role of CD4 1 T cells in the development of inflammation in the absence of other adaptive lymphocyte populations, and cotransfer of Foxp3 1 Treg cells prevents disease development. This model has contributed to our understanding of the characteristics of intestinal inflammation and the role of T cells in human IBD. 12, 13 More recently, studies from our laboratory have demonstrated an enhanced intestinal inflammatory phenotype in Rag2 2/2 mice on a C57BL/10 background compared with those on a C57BL/6 background, as well as development of psoriasiform dermatitis in this model, both of which could be ameliorated by anti-CR3 antibody treatment.
14, 15 The enhanced intestinal inflammation in C57BL10 Rag2 2/2 mice was associated with poor de novo induction of Treg cell and enhanced effector T-cell expansion in the draining mesenteric lymph nodes (LNs) after CD4 1 CD45RB hi (naive) T-cell transfer and was likely due to enhanced IL-23 produced by migrating CD103
1 DCs. 15 Furthermore, on careful observation, a significant number of naive CD4
1 T cell-transferred C57BL/10 mice had opacified corneas, which was not found after cotransfer of Treg cells, indicating the possibility that a spontaneous autoimmune inflammatory disease was affecting the eyes of these mice.
In the current study, we demonstrate the development of inflammation in the LFU, including the cornea and ocular adnexa (eyelids conjunctiva and lacrimal gland), after transfer of CD4
1

CD45RB
high naive T cells to C57BL/10 Rag2 2/2 mice. The inflammation is characterized by infiltration of Gr-1 1 , CD4 
Rag2
2/2 double-knockout mice were protected from disease development, as were Rag2 2/2 mice transferred IL-17-deficient but not IFN-g-deficient CD4
+ CD45RB hi T cells. Remarkably, we also found diffuse damage to the corneal nerves accompanied by an increase in the expression of proinflammatory cytokines in corneal tissues over time after naive CD4 1 T-cell transfer. Therefore, we present a novel spontaneous model of autoimmune lacrimal keratoconjunctivitis and analyze the role of T cells and innate immune cells in the development of inflammation. This spontaneous EALK murine model should further our understanding of the pathogenesis of autoimmune keratitis and dry eye in humans, including the precise role of T H cells and endogenous microbiota in the development of inflammation. It might also be important for evaluating therapeutic approaches for human autoimmune lacrimal keratoconjunctivitis.
METHODS Mice
C57BL/10SgSnAi and C57BL/10SgSnAiRag2 2/2 mice were purchased from Taconic Biosciences (Hudson, NY). IL-17A-deficient mice were the kind gift of Yoichiro Iwakura (University of Tokyo, Tokyo, Japan). IFN-g-deficient mice were from Taconic Biosciences, and IL-12p40 3 Rag2 2/2 mice were provided kindly by Alan Sher (National Institutes of Allergy and Infectious Diseases/National Institutes of Health, Bethesda, Md). Age-matched female mice were used in all control experiments. All mice were maintained under specific pathogen-free 
Flow cytometry
For flow cytometric analysis, the following antibodies were used. Fluorescein isothiocyanate-conjugated rat anti-mouse CD4 (GK1.5) and phycoerythrin (PE)-conjugated rat anti-mouse CD45RB (16A) antibodies were used for cell sorting. Fluorescein isothiocyanate-conjugated rat antimouse IFN-g (XMG1.2), PE-conjugated rat anti-mouse IL-17A (TC11-18H10.1), PE-Cy5-conjugated rat anti-mouse CD4, and allophycocyaninconjugated hamster anti-mouse T-cell receptor b (H57-597) antibodies were used for intracellular cytokine staining. Isotype-matched IgG was used as a negative control. These antibodies were purchased from eBioscience (San Diego, Calif). Gr-1 (Ly6G/C; RB6-8C5) was purchased from BD Biosciences (San Jose, Calif mice served as controls. Mice were followed for the development of inflammatory changes of the eyelids and haziness of the cornea, which correlates with histologic evidence of keratitis.
Histologic assessment of ocular tissues
Mice were euthanized at the indicated time points. Eyeballs, eyelids, and lacrimal and salivary glands were collected and fixed in 10% neutral buffered formaldehyde. Coronal sections were made from each sample and stained with hematoxylin and eosin. For immunofluorescence, eye tissues including the eyelid and eyeballs were frozen in OCT compound (Sakura Finetek, Torrance, Calif), cut into 6-mm sections, placed on coated slides, and fixed with cold acetone. Sections were blocked with 5% goat serum in PBS (pH 7.5), and slides were stained for 1 hour at room temperature with rat anti-mouse CD4 mAb (eBiosciense, clone GK1.1), rat anti-mouse F4/80 mAb, (Bio-Rad, clone CI:A3-1), or rat anti-mouse Gr-1 mAb (BD Biosciences, clone RB6-8C5), respectively, and followed by staining with goat anti rat-IgG Alexa-Fluor 488 (ThermoFisher Scientific, Waltham, Mass) for CD4 detection or rat anti ratIgG Alexa-Fluor 594 (ThermoFisher Scientific) for F4/80 and Gr-1. All slides were counterstained with Hoechst 33258 and observed with confocal microscopy.
RNA isolation and RT-PCR
Total RNA extraction from 4 corneal tissues of each group was performed with the RNeasy Mini Kit (Qiagen, Valencia, Calif). cDNA was reverse transcribed with the Superscript III First-Strand Synthesis Kit (Invitrogen, Carlsbad, Calif). The quality and quantity of RNA were assessed with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, Calif). Realtime PCR analyses were performed with the Applied Biosystems 7900 HT instrument (Applied Biosystems, Foster City, Calif). All primers and probes used for gene expression analyses were purchased from Applied Biosystems. Relative target gene expression is expressed as 1/2
DDCt with glyceraldehyde-3-phosphate dehydrogenase as an endogenous control and nontransferred mice as a reference. 
CD45RB
high Tcell reconstitution, respectively, from 3 similar experiments. Hematoxylin and eosin-stained cross-sections of eyelids of nontransferred (C) and transferred (D) mice. Arrowheads indicate eyelid skin. Original magnification 3100. Corneal sections were stained for CD4 (E; green), F4/80 (F; red), and Gr-1 (G; red) and with the nuclear dye Hoechst 33258 (blue). Original magnification 3200.
Isolation of lymphocytes from LNs
LNs were mechanically disrupted in HBSS and filtered through 100-mm cell strainers. RBCs were removed with ACK Lysing Buffer (Lonza, Walkersville, Md), and lymphocytes were enriched by means of discontinuous density gradient centrifugation to remove dead cells with Percoll (SigmaAldrich, St Louis, Mo) by isolating cells at the 40%/70% interface per the manufacturer's instructions. Cells were washed and resuspended in RPMI 1640 medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/ mL streptomycin and used in further analyses.
Intracellular staining and flow cytometric analysis
For intracellular cytokine staining, cells were restimulated with phorbol 12-myristate 13-acetate and ionomycin (both from Sigma-Aldrich) together with monensin (BD Biosciences) for 5 hours. After restimulation, cells were stained for IFN-g or IL-17A by using the BD Cytofix/Cytoperm Plus Fixation/ Permeabilization Kit (BD Biosciences), according to the manufacturer's instructions.
Tear sample collection and analysis
Thirty microliters of PBS was instilled into the inferior fornix to collect tear samples. A total of 20 mL of tear fluid and buffer was collected with a micropipette at the medial and lateral canthus. To minimize ocular surface irritation, we collected the mixture of tear fluid and buffer solution as soon as possible. The fluid was placed in a 1.5-mL Eppendorf tube and stored at 2708C until further analysis by means of immunoassay. Cytokine concentrations were measured with a multiplex immunobead assay (BDTM Cytometric Bead Array Human Soluble Protein Flex Set; BD Biosciences) and flow cytometry (BDTM FACS LSR II; BD Biosciences). The lower limits of detection were as follows: IL-2, 2.6 pg/mL; IL-10, 4.5 pg/mL; IL-17a, 18.9 pg/mL; IL-4, 4.9 pg/mL; IFN-g, 3.7 pg/mL; and TNF-a, 3.8 pg/mL. The value 0 was used for statistical comparison between tear samples with concentrations of less than the value of the lowest cytokine concentration (detection limit) in the linear portion of the standard curve. Samples were obtained under a human protocol approved by the Institutional Review Board (4-2009-0694) of Yonsei University College of Medicine. Human samples were obtained in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving human subjects. Informed consent was obtained for experimentation with human subjects.
Statistical analysis
Statistical significance of histologic scores was determined by using the Mann-Whitney U test. The relative levels of mRNA and the results of flow cytometry were analyzed by using the unpaired 2-tailed Student t test or 1-or 2-way ANOVA, followed by the Bonferroni post hoc test, as indicated in the figure legends. P values of less than .05 were considered statistically significant. All analyses were performed with Prism 5 software (GraphPad, La Jolla, Calif).
RESULTS
Development of autoimmune lacrimal keratoconjunctivitis after adoptive transfer of naive T cells to C57BL/10 Rag2
2/2 mice
To induce eye inflammation, we adoptively transferred CD4
1
CD45RB
high T cells from wild-type C57BL/10 mice to C57BL/10 Rag2 2/2 mice (see Fig E1, A, in this article's Online Repository at www.jacionline.org). The C57BL/10 strain was chosen because previous studies demonstrated that C57BL/10 mice, although having significant genetic identity with C57/BL6 mice, have a mutation in a locus on chromosome 11, termed tnbs2, that enhances the susceptibility of C57BL/10 mice to colitis after intrarectal administration of trinitrobenzene sulfonic acid, as well as IL-12p70 production after systemic administration of LPS. 14, 16 Furthermore, C57BL/10 Rag 2/2 mice were found to have more severe colitis, as well as psoriasiform dermatitis, esophageal inflammation, and pancreatic islet inflammation, compared with C57BL/6 Rag 2/2 mice after adoptive T-cell transfer, which was associated with higher IL-12p12 and IL-23 production by dendritic cells and enhanced expansion of T H 1 and T H 17 cells and lower Treg cell induction in lymphoid tissues.
14,15 Therefore C57BL/10 mice are more genetically susceptible to inflammation at multiple sites of exogenous antigen exposure that C57BL/6 mice.
Consistent with this enhanced susceptibility, 50% of adoptively transferred C57BL/10 Rag2 2/2 mice had eye inflammation at 6 to 7 weeks after transfer (Fig 1, C) compared with only 20% of C57BL/6 Rag2 2/2 mice (data not shown). On the ocular surface, inflammation was dominant in the central cornea (Fig 1, A) , with cell infiltration in the anterior portion of corneal stroma (Fig 1, B) . Immunohistochemical staining of tissue sections (Fig 2) 
org).
Inflammatory changes in the LFU of adoptively transferred mice
As shown in Fig 3, B , eyelids of transferred mice also showed inflammatory changes, with swelling and loss of hair around the eyelids. Eyelid histology on day 35 after transfer revealed epidermal acanthosis and hyperparakeratosis and dermal inflammatory infiltrates with tarsal conjunctival inflammation (Fig 3, D) . Most of the infiltrating cells were Gr-1 1 , F4/80 1 , and CD4 1 cells, which is similar to the corneal stroma (Fig 3, E-G) . Histologic analysis of the lacrimal glands at this time point revealed various degrees of lymphocytic infiltration, destruction of the acinar structures, and hypertrophy of the ductal structures (Fig 4, A) . However, inflammatory changes were not observed in the salivary glands up to 8 weeks after transfer (Fig 4, B) . 
CD45RB
high with CD4 1 CD45RB low T cells (solid bars). Levels of target mRNAs were normalized to those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as an endogenous control. Shown are means 6 SDs of values from 3 similar experiments. *P < .05 and **P < .01. 1 CD45RB high cells. mRNA expression was quantified using quantitative RT-PCR. Levels of target mRNAs were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. Results are presented as mean mRNA levels obtained from 3 similar experiments. Error bars indicate SDs. *P < .05, **P < .01, and ***P < .001.
Role of Treg cells in development of keratitis
Prior studies have indicated that suppressed Treg cell function contributes to the pathogenesis of DED. 1, 8 To evaluate the ability of Treg cells to control the expansion of effector T cells 12 and thus the keratitis and changes in the ocular adnexa seen in our model, we compared the incidence of keratitis, the presence of T H 1 and T H 17 cells, and the expression of inflammatory cytokines in the corneal tissue between mice transferred CD4 1
CD45RB
high cells alone or together with CD4 1 Foxp3 1 Treg cells contained in the CD45RB low fraction (see Fig E1, B) . 14 Cotransfer of Treg cells completely prevented the development of keratitis (Fig 5,  A and B) . Also, cotransferred mice did not have eyelid inflammation. Neutrophil-dominant corneal infiltration was not seen in the corneas of cotransferred mice (Fig 5, B) .
CD4
1 cells from draining LNs 6 weeks after transfer showed decreased expression of IL-17 and IFN-g compared with that seen in mice receiving only CD4 1 CD45RB high cells (Fig 5, C) . Within the corneal tissue, mRNA for IFN-g, IL-17, IL-1b, and inducible nitric oxide synthase (iNOS) was suppressed with cotransfer of Treg cells, whereas TNF-a and TGF-b levels were similar (Fig 5, D) .
Neural damage within the cornea is induced in the setting of chronic keratitis
Decreased corneal sensation is common in the setting of DED, and the LFU is linked mainly by nerves, suggesting that a disruption in neural signals controlling LFU function might be involved in DED pathogenesis. 3, 17, 18 We hypothesized that the increased activity of iNOS in corneal tissue in our model could induce nerve damage mediated by nitric oxide. 19 To explore this possibility, we stained corneal neural fibers with anti-b-tubulin III for confocal imaging. Seven weeks after naive T-cell transfer, staining for corneal nerve fibers was markedly diminished from the periphery to the center of the cornea (Fig 6, A) compared with corneas from C57BL/10 Rag2 2/2 mice without transfer (Fig 6, B) . Interestingly, different from the damage in the unmyelinated part of corneal nerve, 20 the myelinated nerve plexus in the limbus around the cornea remained intact after transfer (Fig 6, A, arrowhead) .
To determine whether these changes progressed over time, we examined corneal tissue 0, 4, and 7 weeks after transfer. As early as 4 weeks after transfer, the majority of corneal nerves were already poorly detectable (Fig 6, C) . In addition, levels of mRNA for iNOS, IL-1b, and IL-6, but not TNF-a, increased in corneal tissue at this time point (Fig 6, D) , as did levels of the chemokines CXCL1 and CXCL5, which are known to recruit PMNs to inflammatory sites (data not shown), and this is consistent with the presence of active inflammation that results in nerve damage, likely through production of nitric oxide.
Contribution of CD4 1 T-cell cytokines to keratitis development
An increase in IFN-g and IL-17 levels in the affected tissues is a common feature of DED in human subjects and other animal models. 1, 10, 21 To determine the role of CD4 1 T cell-derived IFN-g and IL-17 in the development of keratitis in the transfer model, we adoptively transferred CD4
1
CD45RB
high T cells from IFN-g KO mice to C57BL/10 Rag2 2/2 mice through intraperitoneal injection. There was no significant difference in the development of keratitis between the mice that received IFN-g KO or wild-type CD4 1 naive T cells, despite the presence of IFN-g-producing CD4
1 cells in the draining LNs of mice given wild-type T cells (Fig 7, A and B) . Therefore production of IFN-g by CD4
1 T cells is not required for expression of keratitis. We also transferred CD4
1
CD45RB
high T cells from IL-17A KO mice to C57BL/10 Rag2 2/2 mice by means of intraperitoneal injection (Fig 7, C and D) . Starting 5 weeks after transfer, IL-17A KO T cell-transferred mice showed a reduced incidence of keratitis compared with the wild-type CD4 1 naive T cell-transferred mice; however, keratitis was not completely eliminated. These data suggest that cytokines produced by differentiated CD4
1 T cells influence the process of keratitis development, which includes the enhanced recruitment of monocytes and leukocytes into ocular tissue.
Role of IL-12/IL-23p40 in recipient mice in disease development
Myeloid cells, such as DCs have been shown to be important for the development of DED the desiccating model of keratitis. 2 To evaluate the role of cytokine production by recipient myeloid cells on the incidence of keratitis in our transfer model, we adoptively transferred CD4
1
CD45RB
high T cells to Rag2 2/2 or IL-12/IL-23p40 (p40) 2/2 3 Rag2 2/2 mice. There was no evidence of eye disease (Fig 8 , A) and a reduction in the frequency of IL-17-and IFN-g-producing T cells in the draining LNs (Fig 8, B) of p40 2/2 3 Rag2 2/2 mice compared with Rag2 2/2 mice. Furthermore, in corneal tissues expression of IFN-g, IL-17A, and IL-17F was decreased compared with that in Rag2 2/2 mice. These data indicate that IL-12, IL-23, or both has an essential role in the differentiation of transferred CD4 1 T cells, cytokine production in corneal tissues, and expression of keratitis.
Tear cytokines from patients with autoimmune-related DEDs
To show the relationship between a mouse model of autoimmune lacrimal keratoconjunctivitis and human disease, we measured the concentrations of cytokines in the tears of 26 patients (26 eyes) from each of the following groups: patients with Sj€ ogren syndrome dry eye disease (SSDE), patients with non-Sj€ ogren syndrome dry eye disease (NSDE), and healthy sex-and age-matched control subjects (only female subjects; 56.2 6 10.6, 55.6 6 11.8, and 51.3 6 12.1 years old, respectively). Patients with SSDE had the highest levels of all cytokines in tears, followed by patients with NSDE and control subjects. In particular, IL-17A levels in tears of patients with SSDE (13.4 6 8.3 ng/mL) were significantly greater than in control subjects (1.3 6 1.9 ng/mL) but also greater than in patients with NSDE (4.8 6 3.3 ng/mL; P < .001). Levels of other proinflammatory cytokines in tears from patients with SSDE (ie, TNF-a, IFN-g, IL-2, and IL-4) were also greater than those in both patients with NSDE and control subjects. Furthermore, the concentration of anti-inflammatory IL-10 in tears from patients with SSDE was significantly 2-fold greater compared with that in control subjects (2.7 6 1.6 vs 1.3 6 0.8 ng/mL, P < .001). In patients with NSDE, TNF-a and IL-17A levels of tears were significantly increased compared with control values (1.8 6 1.0 vs 0.7 6 0.7 and 4.8 6 3.3 vs 1.3 6 1.9 ng/mL, respectively).
DISCUSSION
After adoptive transfer of naive CD4
1
CD45RB
high T cells to C57BL/10 Rag2 2/2 mice, we demonstrated the central role of CD4 1 cells in EALK as a model of DED and Sj€ ogren syndrome. This spontaneous disease model minimizes environmental damage and therefore accurately models the disease process in human subjects. In particular, desiccation models of DED cause corneal epithelial damage with consequent trauma-induced inflammation, and the inclusion of the anticholinergic scopolamine to increase eye dehydration has additional systemic effects, including inhibition of the cholinergic anti-inflammatory pathway. 22 Furthermore, even though CD4 1 cells have been implicated as a main effector in prior models, [8] [9] [10] the participation of other lymphocytes, including CD8
1 and B cells, could not be ruled out. This includes models of enhanced DED after adoptive transfer of CD4 1 T cells from mice with desiccating injury. Therefore the current model in RAG2 KO mice, which lack T and B cells, allows for the definitive evaluation of the contributions of individual CD4
1 T-cell populations to EALK. Adoptive transfer of naive CD4
1 T cells could induce inflammatory damage of the LFU in mice, thereby demonstrating that CD4
1 T cells are sufficient to drive DED. In prior studies, poor Treg cell function induced by T H 17 cell responses has been implicated in the pathogenesis of DED. 1 Our study confirms that lack of Treg cell function is critical to the development of EALK in that disease occurred after transfer of naive CD4 1 T-cell priming in the draining LNs. 23 An increase in IFN-g levels is commonly associated with DED, and CD4
1 cells are a source of IFN-g in the setting of EALK.
However, transfer of naive CD4 1 T cells from IFN-g-deficient mice to lymphopenic mice did not result in a lower incidence of EALK. Recently, NK cells have been suggested to be a source of IFN-g in patients with DED. IFN-g-secreting NK cells were shown to damage the cornea directly and influence the priming phase of the adaptive immune response in a model of DED. 24 Furthermore, depletion of NK cells improved corneal damage in desiccating conditions and transfer of CD4 1 T cells from NK-depleted mice resulted in less IL-17 produced at the ocular surface. 25 Our findings of a decreased incidence of EALK after transfer of IL-17-deficient naive CD4
1 T cells to lymphopenic mice indicate that T H 17 cells play the central role in EALK, and suggest that IFN-g from NK cells, but not CD4 1 T cells, can contribute to pathology in patients with DED. These data are consistent with a role of T H 17 cells in acute and chronic inflammation in the desiccation model 1 ; however, as mentioned above, because of the lack of direct trauma to the corneal epithelium and the systemic effects of scopolamine, we believe that the transfer model described here is highly informative and likely to prove a better model for DED in human subjects.
The concept of the LFU is important for understanding the pathogenesis of DED. Corneal sensation promotes tear secretion, and tears protect the ocular surface and increase eyelid hygiene. Inflammation of the lacrimal gland affects both the volume of tears and the presence of damaging cytokines. The increased cytokine levels or desiccating stress can result in damaged corneal nerves that then signal to the lacrimal gland to decrease tear production, thus contributing to DED in a vicious cycle. The central portion of the corneal nerve is unmyelinated. 26 In our model, when inflammation occurs, part of the unmyelinated corneal nerve is lost in contrast to the intact myelinated limbal nerve. These data indicate that the unmyelinated corneal nerve is susceptible to inflammation, and in the current model this is likely due to increased levels of tissue cytokines produced by macrophages and neutrophils recruited into the corneal tissue.
A recent study indicated that antigen-presenting myeloid cells are critical for the initiation and development of desiccation-induced ocular inflammation and suggested that DED is a self-antigen-driven autoimmune-based inflammatory disease. 2 In our study IL-12/IL-23p40 was crucial for the development of EALK. IL-12/IL-23p40 is the common subunit in heterodimers of IL-12 and IL-23. As expected with the role of T H 17 cells in our disease model, lack of IL-23 ameliorates CD4 1 differentiation toward T H 17 cells and disease induction. In addition to contributing to epithelial damage 10 and helping to recruit inflammatory cells macrophages and PMNs, IL-17 may also more directly induce corneal nerve damage. [27] [28] [29] Consistent with these findings, we found an increase in levels of IL-17 and inflammatory cytokines in the tears of patients with DED.
Adoptively transferred C57BL/10 Rag2 2/2 mouse populations with keratitis also have colitis and skin inflammation, but the frequency and severity of any one of these inflammatory manifestations is dependent on the environmental conditions of the mice. Mice in 1 National Institutes of Health facility had predominantly colitis and skin inflammation, with one predominating, and in the other facility mice had predominantly keratoconjunctivitis but less colitis and skin inflammation. Interestingly, common to all inflammatory conditions in this model is external exposure to antigens and commensal microbes.
Therefore it seems likely that differing symptoms are caused by the presence of different microbiomes in the gut, skin, and eyes, or different pathogen-associated molecular patterns/ damage-associated molecular patterns in food or bedding at different facilities. Current studies are addressing these issues, including whether the presence of certain bacterial strains in the eye (eg, strains of Corynebacterium) 30 might predispose to keratoconjunctivitis. Furthermore, when ovalbumin-specific, OTII T-cell receptor-transgenic naive T cells were transferred to C57BL/10 Rag2 2/2 mice in the same facility associated with a high incidence of keratitis, they did not develop EALK (data not shown), 30 suggesting that the keratitis was due to T-cell responses to self or microbial antigens.
In conclusion, our study supports a working animal model for DED expressed as EALK, in which T H 17 cells are generated to lacrimal and microbial antigens in the draining LNs in response to cognate antigen and IL-23, a process that is normally controlled by Treg cells. These T H 17 cells migrate to the lacrimal gland, where they result in inflammation and cytokines, including IL-17, are secreted into the tears that drive initial injury to the cornea, followed by inflammation and further IL-17-mediated corneal damage. This includes influx of T H 17 cells, as well as macrophages and neutrophils, into the cornea in response to CXC chemokines and their production of NO and TNF-a, which enhance destructive inflammation of the corneal layer and result in nerve damage and further physical injury. This model includes pathologic findings in the whole LFU and is spontaneously induced without the requirement for extreme environmental desiccating conditions. This model also allows for precise evaluation of CD4 1 T, Treg, and myeloid cells and will thus be a valuable for future studies. Furthermore, by studying disease development in different animal facilities, after treatment with antibiotics and in germ-free conditions, this spontaneous model should also help in understanding the contribution of commensal bacteria and other exogenous stimuli in driving DED development. Finally, these data support the recent anti-inflammatory therapeutic approach for DED that targets T-cell immunity and suggest that cytokines involved in myeloid function could be a new target for disease intervention. , and silver nitrate (E and F) staining for excluding infection by bacteria or fungi in corneal lesions. Original magnification 3100 (Fig E2, A, C , and E) and 3600 (Fig E2, B, D , and F).
